Abstract Purpose: The incidence of primary central nervous system lymphoma (PCNSL) is increasing.
Primary central nervous system lymphoma (PCNSL) is a rare disease, but its incidence has increased in immunocompetent people over the last three decades at a rate greater than the increase in systemic lymphoma (1) . PCNSL has a characteristic pattern of diffuse and perivascular infiltration (2, 3) . More than 90% of PCNSL are diffuse large B-cell lymphomas (4, 5) , but they have a worse prognosis than systemic B-cell lymphoma. Despite a large number of clinical studies, therapy for PCNSL remains controversial (3, 6 -9) . Unlike other primary CNS tumors, the course of the disease is unaffected by surgery due to the highly infiltrative nature of the tumor cells. PCNSL is radiosensitive but not curable by radiotherapy alone (6) . Similarly, PCNSL is chemosensitive, but chemotherapeutics used in systemic diffuse large B-cell lymphomas (e.g., the standard ''CHOP'' regimen of cyclophosphamide, doxorubicin, vincristine, and prednisone) are ineffective (10) . Chemoresistance is due at least in part to the blood-brain barrier (BBB) that limits the penetration of chemotherapy from the blood into the tumor (9, 11, 12) . Although current therapies have high rates of recurrence and treatment-induced neurotoxicity, the standard of care for PCNSL remains high-dose systemic methotrexate, with or without whole-brain radiotherapy (WBRT; refs. 3, 6, 7, 13 ).
An animal model that closely mimics the clinical situation would be useful for evaluating PCNSL biology and new treatment approaches. Previously, animal models of leptomeningeal lymphoma and brain lymphoma have been done with T-cell lines in the majority of cases (14 -16) . One xenograft model of CNSL was conducted with human B-lymphoma cells, but focused only on the pathologic results (17) . Here, we report two xenograft models of CNSL (intraventricular and intracerebral), including pathologic and radiographic characterization. Pilot studies were done to show that the model accurately mimics the clinical responses to radiotherapy and high-dose methotrexate.
Materials and Methods
Tissue culture. MC116 human B-cell lymphoma cells (EBV and HIV negative; from the American Type Culture Collection, Manassas, VA) were cultured in suspension in RPMI 1640 supplemented with 20% fetal bovine serum, 2 mmol/L L-glutamine, 10 mmol/L HEPES buffer, and antibiotics. Cells were harvested immediately before intracerebral implantation and were used only if viability exceeded 80%. For in vitro analysis of toxicity, cells were plated in 12-well tissue culture plates and treated either with methotrexate (doses 0.01-100 Amol/L for 3 days) or irradiated in a cesium irradiator (1-10 Gy). Toxicity was assessed by trypan blue exclusion in duplicate samples.
Tumor inoculation. The care and use of animals were approved by the Institutional Animal Care and Use Committee and were supervised by the Oregon Health & Science University (OHSU) Department of Animal Care. In the initial study, female athymic nude rats (rnu/rnu, 200-220 g, from the OHSU Blood-Brain Barrier Program in-house colony) were treated with (n = 18) or without (n = 22) total body irradiation (TBI) 24 h before tumor inoculation. Animals were anesthetized with i.p. ketamine (60 mg/kg) and i.p. diazepam (7.5 mg/kg), then irradiated with 4 Gy in a cesium irradiator the day before cell inoculation. In the second study, 13 rats were treated with cyclophosphamide (300 mg/m 2 i.v.) 24 h before tumor implantation. For tumor implantation, rats were anesthetized with i.p. ketamine (60 mg/kg) and i.p. diazepam (7.5 mg/kg). Animals' heads were held in a stereotactic device, a midsagittal incision was done, and a 2-mm burr hole drilled in the skull. Animals received 1.2 to 1.5 Â 10 6 of >80% viable MC116 cells in a volume of 12 to 15 AL over 5 min using a 27 gauge needle. For intracerebral inoculation (n = 36 in the initial study; n = 13 in the second study), cells were stereotactically injected in the right caudate putamen (vertical, bregma 6 mm; lateral, bregma 3.1 mm). The needle was initially advanced to a depth of 7 mm and then withdrawn to a depth of 6 mm to limit reflux up the needle track. For intraventricular injection (n = 4), the coordinates were vertical, 4.0 mm; lateral, 1.4 mm. Three rats (two intracerebral, one intraventricular) showed reflux of cell infusate at the injection site. After inoculation, the needle was slowly removed, and the skin incision was closed. The animals were examined daily and weighed biweekly for 2 to 5 weeks after tumor implantation, then daily after treatment. Animals were sacrificed if they showed severe clinical signs or symptoms or >20% weight loss.
In study 1, four intracerebral rats (two with TBI, two without TBI) and two intraventricular rats were initially followed for clinical symptoms and pathology. Day 19 after implantation was chosen for baseline imaging and treatment to allow 7 days before emergence of clinical symptoms for serial imaging and tumor therapy. Three animals in this study were not evaluable due to technical issues. In the second study, rats pretreated with cyclophosphamide were used only for tumor volumetrics at day 26 (n = 10), or tissues were harvested on day 19 for pathology. Brain, spleen, liver, and cervical and abdominal lymph nodes were assessed for the presence of lymphoma by ARUP Laboratories (Salt Lake City, UT).
Magnetic resonance imaging. Imaging was done 2 to 5 weeks after tumor implantation. A total of 24 rats were imaged: 12 were scanned once, 3 were scanned twice to thrice to determine the onset of visible tumor, and 9 were scanned twice in the therapy study. Five rats were not imaged due to technical issues. Rats were anesthetized with i.p. ketamine (60 mg/kg) and i.p. diazepam (7.5 mg/kg) and imaged on a 3T MR scanner (Siemens Magnetom Trio, Erlangen, Germany) using a custom rat head transmitter-receiver coil. The 3T imaging sequences were T1 spin echo (SE) with relaxation time (TR) = 750 ms and echo time (TE) = 12 ms; T2 turbo spin echo (TSE; TR, 5,430 ms; TE, 78 ms); and fluid-attenuated inversion recovery (FLAIR; TR, 9280 ms; TE, 89 ms; inversion time, 2,100 ms). The voxel size was 0.26 Â 0.26 Â 2 mm for coronal scans. T1 scans were done before and after gadolinium (Omniscan, Amersham Health AS, Oslo, Norway) at a dose of 0.1 to 0.3 mmol/kg injected into a femoral vein. In some animals, serial MR scans were done on days 14 to 30 to assess tumor growth.
Pilot treatment studies. Two nonrandomized pilot studies of treatment response were done on day 19, immediately after confirmation of the presence of tumor on FLAIR MR images. WBRT was done in the Department of Radiation Oncology at OHSU. Shielding blocks were designed to protect the eyes, oropharynx, and salivary glands from radiation toxicity. The animals (n = 5, including two with prior TBI) were anesthetized with i.p. ketamine (60 mg/kg) and i.p. diazepam (7.5 mg/kg). A single fraction of 20 Gy was delivered using a single 6-MV photon beam with tissue-equivalent material to ensure dose homogeneity throughout the whole brain. In rats, 20 Gy WBRT has been shown to simulate 60 Gy of fractionated radiation in the Hopewell model (18). For the chemotherapy study, methotrexate (3 g/m 2 ) was injected i.v. into the femoral vein in isofluorane-anesthetized rats (n = 5, no pretreatment). Folinic acid (Leucovorin, 10 mg) was given i.p. twice a day for 3 days starting 24 h after methotrexate. A second magnetic resonance scan was done in treated animals 1 week after treatment (day 26).
Histology. Rats were sacrificed at different time points (days 19 to 44 or when symptoms indicated) after inoculation using intracardiac thiopental injection. Brains were excised and fixed in 10% buffered formalin for vibratome sectioning, 100 Am in the coronal plane. Sections were stained with either hematoxylin or H&E. Immunohistochemistry was done using indirect immunoperoxidase labeling, with primary antibody reacted with biotinylated protein A followed by avidin and biotinylated peroxidase (Vectastain ABC kit, Vector Labs, Burlingame, CA). Brown reaction products were formed with diaminobenzidine. All antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA) except CD22, which was from Chemicon International Inc. (Temecula, CA). Immunostaining included pan-leukocyte marker CD45 (sc-1187), B-cell markers CD20 (sc-7733), and CD22 (CBL533), anti-CD30 (sc-1737), glial cell marker GFAP (sc-33673), antiapoptotic factor bcl-2 (sc-492), and natural killer (NK) cell marker NK-p43 (sc-18161). For tumor volumetrics, every sixth brain section was stained with hematoxylin, then imaged at high resolution (30 Am pixel diameter) on an Epson 1640XL flatbed scanner using Adobe Photoshop software. Tumor volume was assessed using NIH Image software.
Results
MRI of the intracerebral CNSL model. Magnetic resonance imaging (MRI) was done on 24 nude rats following intracerebral implantation of MC116 human B-lymphoma cells. A total of 39 scans were done at time points ranging from 14 to 32 days after tumor implantation. In very large tumors (>100 mm 3 , n = 3), MRI showed T2/FLAIR signal changes and gadolinium enhancement at the inoculation site (caudate nucleus) and in the cortex and ventricles at 19 to 24 days after implantation ( Fig. 1) . High signal intensity on FLAIR images indicates tumor infiltration and edema throughout the inoculated hemisphere and also in the contralateral side along white matter tracts (Fig. 1A) . With our parameters, pregadolinium T1-weighted images showed diffuse slightly elevated signal intensity in the injected hemisphere in large tumors (Fig. 1B) . Gadolinium enhancement was found primarily in the central region of the tumor (Fig. 1C ). Mass effect with midline shift to the left and ventricle compression was present in most of the animals. In smaller tumors (2.6-33.7 mm 3 , n = 15), FLAIR sequences seemed to be the most sensitive in the delineation of the tumor-infiltrated brain. A good visual correlation between MRI and hematoxylin staining was observed (Fig. 1D ).
Histology and immunohistochemistry of the intracerebral CNSL model. In the initial study, tumor growth was detected by histology and/or MR in 27 of 33 evaluable animals (82%), and tumors ranged in size from tiny (2 mm 3 ) to huge (175 mm 3 ) at 19 to 26 days after tumor implantation (Table 1 ). Animals were judged negative for tumor only if no positive immunohistochemistry for B-cell markers was detected along the needle track. The consistency of tumor growth and the variability of tumor volumes was of concern. We first evaluated the effect of low-dose TBI (4 Gy 24 h before tumor implantation) to reduce the population of antitumoral NK cells that could potentially decrease the success rate of the tumor inoculations. TBI did not seem to impact either the percentage of animals growing intracerebral tumors or the size of the tumor at 19 to 26 days after implantation (Table 1) . A second study was done using cyclophosphamide pretreatment (300 mg/m 2 24 h before tumor implantation) to decrease innate immunity. Brain tumors were detected in 12 of 13 animals, and all nine untreated control animals had moderately sized tumors (33 F 16.9 mm 3 , mean F SD) at 26 days after implantation, with no tiny or giant outliers (Table 1) . Rats with tumors showed no neurologic symptoms and never lost more than 10% of their baseline body weight before day 19. Animals with large intracerebral CNSL lost about 10% of body weight between days 19 and 26. Three animals evaluated at day 19 after tumor implantation showed no evidence of systemic lymphoma.
Immunohistochemistry was used to evaluate tumor growth pattern and brain infiltration. All positive animals showed tumor at the injection site within the caudate nucleus ( Fig. 2A) and diffuse infiltration of the MC116 cells into the cortex. The tumors were not well demarcated. Necrotic tumor was observed in the central areas of tumor inoculation in six animals with large tumors, but not in infiltrated brain. Rats with medium-to large-size tumors showed tumor tracking along the corpus callosum into the contralateral hemisphere (Fig. 2B) . In some animals, tumor was found lining the ventricles (Fig. 2C ) and in the meninges in the subarachnoid space. Perivascular infiltration was also a typical feature of this lymphoma model (Fig. 2D) . Infiltrating individual cells and tumor nodules showed surface immunostaining for human CD45, CD20, and CD22 (Fig. 2) . Normal rat brain was negative for CD45, CD20, and CD22 staining (data not shown). Tumors and normal rat brains were nonreactive for CD30, a marker of activated cells that can be useful in the diagnosis of Hodgkin lymphoma.
Further immunostaining was done to assess CNSL tumor biology. Figure 3 shows hematoxylin (Fig. 3A) and CD20 (Fig. 3B ) staining in a medium-size tumor in an animal pretreated with cyclophosphamide. Tumors were negative for bcl-2 (data not shown). Staining for NK cells showed diffuse immunoreactivity in the central area of the tumors (Fig. 3C ), but no clearly defined cells were visible. GFAP staining showed diffuse reactive gliosis within the brain tumor and 1 to 2 mm surrounding the tumor (Fig. 3D) . GFAP-positive cells were often located adjacent to tumor cells (Fig. 3E) .
Pilot tests of therapeutic approaches. MC116 cells were sensitive to both methotrexate and radiation in vitro. A 3-day treatment with methotrexate killed the cells at concentrations above 0.03 Amol/L as determined by trypan blue exclusion (Fig. 4A ). Cells treated with radiation showed toxicity at 2 to 10 Gy on days 3 and 4 after treatment (Fig. 4B) . Growth rates and viability of cells treated with low dose radiation (2 to 3 Gy) recovered to control levels by 7 days, but cells did not recover from the highest radiation dose tested (Fig. 4B) .
Five rats with MRI-confirmed tumor received one dose of i.v. methotrexate (3 g/m 2 ) on day 19 immediately after MR, followed by 3 days of leucovorin rescue. Follow-up MRI scans were obtained on day 26, except in one rat with severe neurologic symptoms that was sacrificed on day 25. An increase in area of enhancement was seen in three animals on both T2 (Fig. 5A ) and T1 + gadolinium images (Fig. 5B) , whereas no change in enhancement was detected in the final animal. Histology showed infiltrative tumor in all five animals (Fig. 5C) , with a mean tumor volume of 17.7 F 9.7 mm (Fig. 5D ).
Five animals with MRI-confirmed tumor were treated with a single dose of WBRT (20 Gy) on day 19 immediately after MR. FLAIR MRI 7 days after radiation treatment showed increased signal enhancement within the tumor, but no change in volume compared with pretreatment scans (Fig. 6A) . T1-weighted images showed reduced diffuse high signal intensity and a change in the area of gadolinium enhancement (Fig. 6B) . Histochemistry showed minimal tumor (<1 mm 3 ) in three rats and small tumor (3.9 and 5.2 mm 3 ) in two animals by hematoxylin staining (Fig. 6C ). All five rats had scattered CD45-positive staining in enlarged and necrotic cells near the inoculation site (Fig. 6D) .
Intraventricular CNSL model. Lymphoma cells were inoculated into the right ventricle after TBI (4 Gy) in four rats. All four animals showed tumor growth. These rats showed behavioral changes such as agitation in response to noise around day 17 after inoculation, and a weight loss of z10% of baseline body weight occurred between days 14 and 17.
After intraventricular injection, FLAIR MRI showed large ventricles with periventricular tumor manifestations ( Fig. 7A  and B) . Gadolinium-enhanced T1 images (data not shown) did not show significant enhancement. Immunocytochemistry for CD20 showed diffuse tumor cell infiltration into the rat brain along the needle track (Fig. 7C) . Diffuse tumor infiltration was observed around both the right and left ventricles (Fig. 8A) , and tumor cells along the meninges partially infiltrated into the parenchyma (Fig. 8B ).
Discussion
The investigation of CNS lymphoma biology, pathophysiology, pathology, and treatment response has been difficult in patients due to the rarity of the disorder and in animals due to the lack of appropriate models. PCNSL cannot be studied adequately using in vitro models, and data concerning systemic lymphomas cannot be extrapolated to brain lymphomas. Few studies of animal models of PCNSL have been reported (14 -17) . We report the development of an intracerebral and an intraventricular CNSL model in the nude rat that closely mimic clinical PCNSL.
No cell line derived from human PCNSL is commercially available. We chose the MC116 human B-cell lymphoma cell line for this study because it was previously assessed for pathology in the brain (17) . Although MC116 cells have been reported to express bcl-2 (19), we did not detect this by Western blot or immunostaining in exponentially growing cells, in comparison to positive staining in another human tumor cell line. Sections from three untreated control animals showed no bcl-2 immunostaining above background. Tumors were positive for B-cell markers CD20 and CD22 and pan-leukocyte marker CD45, but negative for CD30, matching the usual clinical immunoreactivity (3, 20) .
CNSL tumor growth was inconsistent in the first study, independent of prior TBI. The consistency of tumor take and tumor size was improved by pretreatment with cyclophosphamide, similar to the effect shown for models of CNS gene therapy (21) . The pathologic pattern of brain infiltration mimics human PCNSL, with a diffuse and perivascular growth pattern in the cortex, ventricles, and subarachnoid space. Tumor can be visualized on MRI before animals show clinical symptoms of disease, but signal intensity changes are variable, similar to human disease (22) . The survival time is long enough to allow the evaluation of therapeutic procedures.
The standard of care for PCNSL is high-dose systemic methotrexate, with or without WBRT (3, 6, 7, 13) . The human B-lymphoma cells used in these studies were sensitive to both methotrexate and radiation in vitro. In rats treated with a single i.v. dose of methotrexate with leucovorin rescue, MRI showed both increased signal intensity and an increase in the volume of brain showing signal enhancement. Histology showed the presence of viable tumor infiltrated into brain parenchyma. Human PCNSL show variable sensitivity to methotrexate-based chemotherapies with a complete remission rates ranging from 30% to 50% in various studies after multiple courses of chemotherapy (23 -26) . Many factors could be responsible for the lack of methotrexate response in our pilot in vivo study, including the pharmacology of methotrexate or leucovorin rescue (27, 28) or the short time frame of the pilot study. Delivery of agents across the BBB and brain-tumor barrier is a major issue limiting the efficacy of chemotherapeutic approaches to brain tumor therapy (9, 12) . PCNSL permeability is variable in humans as well as in the rat models, as indicated by the focal areas of gadolinium enhancement on MRI that were smaller than the extent of the tumor seen on FLAIR sequences. Methotrexate may only penetrate into the central area of the tumor with a somewhat leaky BBB.
The pilot in vivo study of radiotherapy used the Hopewell model of 20 Gy to simulate 60 Gy of fractionated radiation (18). MRI showed no reduction in area of enhancement on FLAIR 1 week after WBRT. Gadolinium enhancement on T1-weighted images showed changes but not necessarily shrinkage. Pathology and immunohistochemistry showed minimal tumor volumes and scattered CD20-positive cells. Thus, radiotherapy seemed to be effective in this model, sharing a key feature with human PCNSL that is exquisitely radiosensitive. Human PCNSL is not curable by WBRT alone (8) . Because of the short time frame in the pilot study, it remains unknown whether tumor regrowth could take place.
In the radiation treatment animals, tumor volumes on histology did not match the extent of enhancement on final MRI. Tumor burden in patients also often correlates poorly with MR abnormalities in PCNSL (29, 30) . New imaging methods are being developed to assess tumor response before changes in tumor volume. MRI with dynamic contrast enhancement allows noninvasive in vivo quantification of tumor vascular attributes such as blood volume, blood flow, mean transit time, and the permeability of the BBB and blood-tumor barriers. The dynamic MR techniques have been shown to be sensitive to changes in the BBB in animal models (31) . In human studies, dynamic MRI has been used to grade gliomas, differentiate different brain tumor types, distinguish tumors from nonneoplastic lesions, and to assess brain tumor physiology (32) . Changes in tumor water apparent diffusion coefficients, perfusion, and diffusion may allow early prediction of tumor responsiveness to therapy before actual tumor shrinkage (33, 34) . These techniques may also be useful to assess early signs of neurotoxicity (35) . The standard treatments for PCNSL cause significant neurotoxicity, particularly radiotherapy in older subjects (3, 13) . Early detection of efficacy and neurotoxicity would be helpful in the clinical management of PCNSL.
We conclude that a cerebral model of human B-cell lymphoma using MC116 lymphoma cells is feasible and yields consistent and reproducible results. Further treatment approaches will be tested, including chemotherapy and monoclonal antibody -based therapies delivered i.v. (36, 37) , or intra-arterially in conjunction with osmotic BBB disruption (28) . Different drugs and routes of administration could be studied in this model regarding the pharmacokinetic parameters of treatments in a specific setting of CNS malignancy with a heterogeneous pattern of tumor infiltration and BBB leakage. Mechanisms of tumor cell infiltration into the brain will be further assessed, and the lymphoma infiltration pattern into the eyes and optic nerve in conjunction with the evaluation of various anti-lymphoma treatments will be evaluated as a new model of intraocular lymphoma. The intraventricular model may predominantly display the characteristics of human lymphomatous meningitis with good response to i.v. and intrathecal chemotherapy, whereas the intracerebral model could be more representative of parenchymal PCNSL, including a less pronounced response to i.v. chemotherapy. The rat CNSL models have strong potential for studying various aspects of CNSL biology, pathophysiology, and treatment.
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